One of the most apparent examples of cooperation between unrelated individuals is biparental care 21
whereby the male and the female parent share the rearing of the offspring. Theoretical models of care 22 predict that selection should favour biparental care if it substantially improves the survival of the 23 offspring. Although various ecological factors have been proposed to necessitate biparental care, 24 experimental evidence is scant given the challenges of manipulating ecological factors in the natural 25 habitat of animals. We carried out one such experiment in a small shorebird, the Kentish plover 26
Charadrius alexandrinus, that breeds in an extreme desert environment. Nest cover and thus exposure 27 to solar radiation vary between nests, and we show that parents at exposed nests spend more time 28
incubating than those at nests shaded by a bush (covered nests). Experimental removal and 29 supplementation of nest cover gave results consistent with the observational data; at experimentally 30 exposed nests both males and females increased incubation effort and they changed over incubation 31 more frequently, whereas at experimentally covered nests we observed the opposite. We conclude that 32 exposure to extreme solar radiation influences biparental care and necessitate parental cooperation in 33 the Kentish plover. Furthermore, since parental care often co-evolves with mating strategies, we 34 conjecture that where the environment puts less pressure on the parents and provides the opportunity 35 for reduced care, both mating systems and parental care can diversify over evolutionary time. The current study has two objectives. First, we compared the level of biparental care between 101 naturally exposed and covered nests. We predicted that parents nesting at exposed sites will exhibit 102 more biparental care. In addition, they will have more frequent nest changeovers especially during the 103 hottest part of the day (AlRashidi et al. 2010). Second, we manipulated the environment of the nests 104 by either covering or exposing them. We predicted that at experimentally exposed nests the parents 105 will increase their incubation effort and make more frequent nest changeovers, whereas at 106 experimentally covered nests we expected the opposite. 107 nesting sites for plovers (NCWCD 2000) . 117
108

METHODS 109
Study Site and General Field Procedures 110
Kentish plovers breed up to 1 km away from the seashore. For each nest we recorded clutch 118 size, photographed the nest and determined its geographic (UTM) coordinates using a hand held GPS 119 unit. Nests were allocated to five categories: exposed nests that had no vegetation cover (0), < 25% 120 cover (1), 25-50% cover (2), 51-75% cover (3) and >75% cover (4). We checked the repeatability of 121 nest cover classification (Harper 1994): one observer (MAR) scored cover in the field and took 122 photographs, and two observers (AK, CK) re-scored these photographs twice blindly to nest ID. Nest-123 cover scores were highly repeatable between the three observers (r = 0.939, F 31,64 = 47.837, P< 0.001). 124
Date of egg-laying was estimated by floating the eggs in lukewarm water (Székely et al. 2008 ). The 125 sea was the only water source for the birds, and UTM coordinates were used to estimate the 126 perpendicular distance between the nest and the nearest coastline. 127
128
Recording Incubation Behaviour and Ambient Temperature 129
Both parents were captured on the nest on the same day or on subsequent days using funnel 130 traps, and they were marked with 1-3 colour rings and one metal ring provided by Saudi Wildlife 131
Commission. All breeding birds were individually ringed, no individual was included more than once 132 in the two-year data set. Adults have sexually dimorphic plumage (Fig 1) : males have black eye-133 stripes, frontal bars and breast-bands, whereas females are drab (Cramp & Simmons 1983). Behaviour 134
was only recorded at nests category 0 (which we shall term 'exposed nests'), or at 3 and 4 ('covered 135 nests'). Incubation data were collected at 32 nests (17 and 15 covered and exposed nests, 136 respectively). Incubation was recorded by either a Trovan Flex™ Transponder, LID665 decoder (Dorset 138 identification B.V., Aalten, Netherlands), or by using a digital video camera (Sony Handycam 139 HC44E, Sony Corporation, Japan). The transponder system consisted of a small chip (approx 0.4 g; ≈1 % of adult body mass) with unique identification code which was glued on the tail of each parent. 141
The antenna of the transponder decoder was buried approximately 3-5 cm under the nest, and 142 connected to a data logger. The system recorded every 20s whether each parent was on the nest for at 143 least 24h (n = 27 nests). 144
The video camera was used to record the incubation behaviour at five nests in 2008. The 145 camera was positioned about 1 m from the nest, and it recorded an image every 20s and was changed 146 manually to night-shot mode for night-time images. The camera was covered by a small cardboard 147 and some vegetation, and all other parts of the system (including the battery) were buried under the 148 ground. The installation of the transponder and camera systems (15-20min) was carried out early in 149 the morning, or late afternoon to avoid heat stress. The parents returned to the nest after a few 150
minutes. 151
Ambient ground temperature was measured at all nests (n = 32 nests) by a thermo-probe which 152 was placed about 25 cm from each nest scrape at ground level in an open, un-shaded area. The probe 153 was connected to a data logger (Tinytag, Gemini Data Loggers Ltd.) that recorded the temperature 154 every 20s for at least 24h. The minimum and maximum ground temperatures were 23.8 °C and 60.3 155 °C, respectively, during the study (Fig. 1 C) . Sitting tight on the ground exposed to solar radiation is a 156 major challenge for desert-nesting birds (Grant 1982) . Amat and Masero (2004a) showed that the 157 operative temperatures (the sum of radiative and convective factors) were 10-15 °C higher at exposed 158 nests of Kentish plovers than at covered nests, and consistently, the incubating parents exhibited 159 behaviours indicating heat stress (e.g. panting, belly-soaking; see Fig 1) . 160
161
Nest Cover Manipulation 162
At 27 nests where the transponder system was used, we used a control period of 24h to estimate 163 natural behaviour, then we experimentally manipulated nest cover for another 24h by completely 164 removing cover from covered nests ('cover-removed nests'), or by covering exposed nests withbushes which shaded the nest ('cover-added nests', Fig.2 ). Data from 20 nests were used in the 166 analyses (11 covered nests and 9 exposed nests), because seven nests were predated before the trials 167 terminated (3 covered and 4 exposed nests). Parents took 1-107 min to return to the manipulated 168 nests. We gave parents at least 6h to adjust to the manipulation of their nest cover before we started to 169 record incubation behaviour. After 24h of recording, the transponder system was removed and nests 170 were returned to their natural cover-type by returning the original bush to the covered nests, and 171 removing bushes from exposed nests. i.e. the number of events when one parent was relieved by the other parent. The average ground 180 temperature outside the nests was taken as the ambient temperature for each period. 181
The influence of natural nest cover on incubation behaviour (response variable) was 182 investigated using linear mixed-effects models (Pinheiro& Bates 2000). Nest identity was included as 183 a random factor, since parental behaviour is not independent between two-hour time periods for a 184 given nest. The following fixed effects were included in the initial models: nest cover (factor with two 185 levels: exposed or covered), time period (factor), sea distance (covariate), year (factor), egg laying 186 date (covariate, given as no. of days since 1 March), age of clutch in days (covariate). Conway and 187 Experimental data were also investigated using linear mixed-effects models. We used the 197 difference in incubation behaviour after manipulation minus before manipulation for the behavioural 198 variables (1-4 variables as defined above) as response variables. Initial models included nest identity 199 as a random factor, treatment (with two levels: cover-added and cover-removed), time period and 200 period × treatment interaction as fixed terms. Each nest served as its own control, therefore 201 confounding variables (see above) were not included in models of experimental data. In the initial 202 models of male and female incubation, the incubation by the other sex was also included as fixed 203 covariate (see rationale above). The distribution of nest types (covered and exposed) was not different between the two years of 213 the study (Fisher's exact test, P = 0.444). Neither body mass, nor wing length and tarsus length were 214 different between nest cover categories in males or females (MANOVAs, P ≥ 0.190). Finally, average 215 ambient temperature, egg-laying date, age of clutch and distance to sea were not different between 216 nest types (t-tests, P ≥ 413).
218
Ethical Note 219
Fieldwork and the nest cover manipulation were licensed by the Saudi Ministry of 220 Environment. We targeted a short-term manipulation using minimum sample sizes to minimise the 221 welfare impacts on the subjects. It is unlikely that our experiment substantially influenced the parents' 222 survival or their reproductive success, since the manipulations were within the natural range of nest 223 cover. Manipulation was carried out early in the morning (five nests) (i.e. between 06:00 and 10:00), 224 or late afternoon (15 nests) (i.e. between 17:00 and 20:00) to reduce the risk of heat stress. Nest 225 predation by white-tailed mongoose (Ichneumia albicauda) and stray cats were very high in our study 226 site: 80.1% of the clutches were predated whereas only 14.8% of clutches produced at least one chick 227 
RESULTS
233
Incubation at Naturally Exposed and Covered Nests 234
Both males and females spent significantly more time on incubation at exposed nests than at covered 235 ones over the whole day, and biparental incubation was more extensive at exposed nests (Fig. 3,  236 Tables 1 & 2). The number of changeovers was also higher at exposed nests (Fig. 3, Tables 1 & 2) . In 237 addition, both male and female incubation were influenced by time of day, and ambient temperature 238 (Table 2 ). Incubation behaviour of the mate declined with incubation behaviour of the focal parent 239 (Table 2 , see also AlRashidi et al. 2010). Female incubation tended to be higher throughout the day, 240 whereas the males increased at night and reduced during mid-day (Fig. 3) . Finally, total incubation,female incubation, male incubation and number of changeovers all increased with the age of the 242 clutch (Table 2) . 243
244
Incubation at Experimentally Manipulated Nests 245
Manipulation of nest cover influenced parental behaviour in all response variables (Fig. 4, Table 3) . 246
After manipulation, parents at cover-added nests reduced incubation efforts, whereas parents at cover-247 removed nests increased their incubation. Therefore, the level of biparental incubation increased at 248 cover-removed nests, and decreased at cover-added nests (Fig. 4) . As expected, at cover-removed 249 nests the number of changeovers increased whereas at cover-added it decreased (Table 3) , and the 250 effects were the largest during the hottest part of the day (Fig. 4) . Consistent with the results at 251 unmanipulated nests, the behaviour of mate also influenced both male and female incubation at 252 experimentally manipulated nests (Table 3) . The diurnal pattern in behavioural responses, however, was different for total incubation and 270 nest changeovers. At cover-removed nests changeovers were especially frequent in the hottest part of 271 the day (between 10.00 and 16.00), whereas total incubation during the same period was hardly 272 different from the control. We believe this is due to a ceiling effect: in the middle of the day all nests 273 are covered practically all the time (AlRashidi et al. 2010), although by increasing the frequency of 274 changeovers at cover-removed nests the parents can reduce the risk of overheating themselves. The 275 latter result also suggests that parents carefully monitor their mate's behaviour, and alter their own 276 care effort to compensate if necessary, consistent with an experimental manipulation of parental 277
workload (Kosztolányi et al. 2009). 278
Interestingly, the diurnal contribution of males at exposed nests was less than at covered nests; 279 possibly because males of exposed nests spent more time incubating the clutch at night. We suggest 280 two explanations for the higher nocturnal nest attendance of males (and higher total incubation) at 281 exposed nests. First, an exposed nest may be safer for the incubating parent than a covered nest (Grant 
Biparental Care and Harsh Environment 294
Our study is one of the few experimental studies that showed environmental harshness 295 promotes biparental care. Brown et al. (2010) found biparental care was essential to tadpole survival 296 in small (but not large) breeding pools in frogs, because small pools had insufficient nutrients for 297 tadpole growth and survival. In the biparental California mouse Peromyscus californicus male 298 presence improved pup survival and shortened female interbirth interval, although the effects were 299 only apparent when food was limited (Cantoni & Brown 1997). In the dwarf hamster Phodopus 300 campbelli that breeds in an extremely cold environment where ambient temperatures may reach below 301 -30°C, care by both parents was critical to protect pups and parents from hostile weather (Wynne-302
Edwards 1998). 303
Biparental care is exhibited by several phylogenetically distinct taxa living in different climate 304 conditions; we need further experimental and comparative analyses to understand this trait (Clutton-305 We also wish to extend thanks to all those who contributed to our work by any means, particularly, 365
Fahed AlRashidi for help with the fieldwork, and James St Clair for help with planning of the 366 experiment. CK was supported by a DAAD postdoctoral fellowship and AK was supported by a 367
Magyary postdoctoral fellowship during manuscript preparation. 368 369 Likelihood ratio test for the χ 2 = 12.795, df = 1, P < 0.001 χ 2 = 9.770, df = 1, P = 0.002 χ 2 = 11.325, df = 1, P = 0.001 χ 2 = 7.446, df = 1, P =
1
Note: Cover type refers to exposed or covered nests (see Methods), temperature was included as a second order polynomial, df values are numerator and 2 denominator degrees of freedom, respectively. For the number of changeovers the final model also included the following terms: egg laying date: F 1,27 = 3 2.830, P = 0.104, sea distance: F 1,27 = 4.961, P = 0.034. The empty cells indicate that the variable was either eliminated during model selection, or it was not 4 included in the initial model (see Methods for details). Dash indicates terms that were not included in the final models. 5 random effect 0.006 
